Abstract. Over the last two decades, small interfering RNA (siRNA)-mediated gene silencing has quickly become one of the most powerful techniques used to study gene function in vitro and a promising area for new therapeutics. Delivery remains a significant impediment to realizing the therapeutic potential of siRNA, a problem that is also tied to immunogenicity and toxicity. Numerous delivery vehicles have been developed, including some that can be categorized as pseudovirions: these are vectors that are directly derived from viruses but whose viral coding sequences have been eliminated, preventing their classification as viral vectors. Characteristics of the pseudovirions discussed in this review, namely phagemids, HSV amplicons, SV40 in vitro-packaged vectors, influenza virosomes, and HVJ-Envelope vectors, make them attractive for the delivery of siRNA-based therapeutics. Pseudovirions were shown to deliver siRNA effector molecules and bring about RNA interference (RNAi) in various cell types in vitro, and in vivo using immune-deficient and immune-competent mouse models. Levels of silencing were not always determined directly, but the duration of siRNA-induced knockdown lasted at least 3 days. We present examples of the use of pseudovirions for the delivery of synthetic siRNA as well as the delivery and expression of DNA-directed siRNA.
INTRODUCTION

Principles of RNA Interference
RNA interference (RNAi) is a process in which the presence of double-stranded RNA (dsRNA) induces the selective and catalytic degradation of the homologous mRNA by endogenous cell machinery. Since being identified in Caenorhabditis elegans by Fire and coworkers in 1998 (1), RNAi has since been extensively studied and is now known to exist in plants, animals, and insects. Numerous reviews detail the mechanisms of action of RNAi (2) (3) (4) and the ways in which RNAi has been developed and exploited to achieve efficient knockdown of genes both in vitro and in vivo (5) (6) (7) (8) (9) (10) (11) . Briefly, long dsRNA or hairpin RNA is processed by the endonuclease Dicer into smaller RNA fragments. These small RNA fragments, termed small interfering RNA (siRNA), are separated into single strands and then loaded into the multicomponent RNA-Induced Silencing Complex (RISC). The siRNA within the RISC complex serves as a template to guide the selective cleavage of the complementary mRNA. The cleaved mRNA, which has two unprotected ends, is highly susceptible to degradation by nucleases. A similar process takes place with microRNA (miRNA) that, like siRNA, is the product of dsRNA that has been cleaved by Dicer. A key difference is that microRNAs are typically endogenously produced and regulate the translation of mRNAs to which they have partial complementarity; by contrast, siRNAs, either directly introduced into the cell or generated from long dsRNA as products of Dicer, are fully complementary to the target mRNA and bring about complete mRNA degradation.
Considerations for siRNA Effector Molecules
siRNA is the effector molecule of RNAi that has received the most attention by far, and the use of siRNA in investigations to knockdown gene expression is now fairly common. Nevertheless, there are still many factors that must be considered when designing and using siRNA, such as target sequence, sequence length, overhangs, and secondary structure. siRNA effector molecules exist in several forms; siRNA can be delivered as single-stranded oligomers, doublestranded duplexes, RNA hairpins or other forms (reviewed by Amarzguioui et al. (12) ). There are also a number of concerns related to the inherent immunogenicity of RNA in vivo that must be considered. Long dsRNA molecules are well-known to activate an innate anti-viral response, primarily through interferon (IFN) induction and the secretion of inflammatory cytokines. Short siRNAs, however, have also been shown to induce IFN responses through both sequencedependent and sequence-independent mechanisms (reviewed by Judge and Maclachlan (13) , Behlke (14) , and references therein). Sequence-dependent mechanisms include activation of toll-like receptors (TLR) 7 and 8, which are present in endosomes. Many siRNA delivery systems, including some discussed here, rely on endocytotic uptake, so the siRNA they carry passes through endosomes where these RNA-sensing receptors are localized. TLR7 and 8 recognize specific sequences of both ssRNA and dsRNA, which ultimately leads to the secretion of a number of cytokines and IFN subtypes. However, not all cell types are activated to the same extent. Sequence-independent mechanisms include recognition of dsRNA and subsequent generation of IFN responses by TLR3, dsRNA binding protein kinase (PKR), 2′,5′-oligoadenylate synthetase 1 (OAS1), and retinoic acidinducible gene-1 (RIG-1).
Because RNA is highly susceptible to degradation, the effects of siRNA are transient. One strategy to address this has been to introduce chemical modifications to the siRNA structure to confer heightened stability to the siRNA, thereby lengthening the time it is able to exert its effect. By replacing phosphodiester linkages with phosphorothioates or boranophosphates, or by modifying the 2′ position of the ribose ring, greater resistance to degradation by nucleases has been achieved, resulting in an increased serum half-life and greater potency (Behlke (14) and references therein). There is evidence that chemical modifications can also modulate the immunostimulatory properties of siRNA without affecting efficacy (13) . Another common strategy to achieve longerterm silencing is to deliver DNA plasmid vectors that generate short hairpin RNA (shRNA), which is processed by Dicer in the cell to yield siRNA (DNA-directed siRNA) (15) . As with the direct application of RNA molecules, thought must be given to the possible sequence-specific effects of any shRNA, and subsequent siRNA, generated from the expression of the plasmid in the cell.
PSEUDOVIRIONS AS A CLASS OF DELIVERY VEHICLES
One of the obstacles to the therapeutic use of siRNA is that of delivery. Some aspects of delivery include targeted delivery into various cell types, transducing dividing and quiescent cells, and crossing the blood-brain barrier. Numerous approaches to siRNA delivery have been developed to date, and broad categories include physical methods, viral vectors, and non-viral vectors. One interesting subset of delivery vehicles includes those that are directly derived from viruses but whose characteristics prevent them from being classified as viral and whose origins make them distinctly different from other types of non-viral vectors such as liposomes or polymer-based complexes. These pseudoviral particles, or pseudovirions, are vectors in which key structural elements of viruses are used or repurposed to deliver a cargo other than the original viral genetic material.
A successful delivery vehicle must be able to both efficiently deliver as well as protect the cargo. Pseudovirions are useful delivery vehicles because they combine the most appealing features of viral and non-viral systems. Viral vectors are attractive because viruses have evolved to deliver their genetic material very efficiently to cells, and the vectors are capable of achieving long-term expression. However, there are a number of safety concerns linked with virus-based therapies, such as the immunogenic nature of viruses and the potential for recombination and non-specific integration into the host genome. Viral vectors also often have a limited capacity and are difficult to retarget. By contrast, non-viral vectors, such as liposomes, are usually non-immunogenic and are easy to prepare and modify quickly. However, they often suffer from poor transfection efficiency. Pseudovirions have the advantage of being virally derived and so often have efficient delivery with defined uptake mechanisms. Like nonviral vectors, pseudovirions are generally easy to modify and produce.
Pseudoviral Delivery: Trans-packaging and Viral Envelope Systems
We present below several examples of pseudoviral vectors that have been developed and used in RNAi applications. These selected examples can serve as an overview of pseudovirions as delivery vehicles. Two general types of pseudoviral systems are described. First are trans-packaging systems in which viral machinery and proteins have been repurposed to package genetic material other than the original viral genome. These include phagemid particles, Herpes Simplex Virus-1 amplicons, and SV40 in vitropackaged vectors. These vectors are distinguished from recombinant viral vectors in that they contain no coding viral sequences and at most carry the non-coding sequences necessary for packaging. Second are the viral envelope systems, in which native enveloped virus particles are inactivated and used to package other cargos. For each pseudovirion, a short introduction to the originating viral entity is given, followed by details of pseudovirion preparation and examples from the literature. Finally, advantages, disadvantages, and concerns are highlighted for each pseudoviral system.
Phagemid Particles for the Delivery of DNA-Directed siRNA in Mammalian Cells
Bacteriophage and Phagemid Particles
Bacteriophages (phages) are viruses that infect bacteria. Over the last two decades, phage derivatives and technologies have been developed for a wide variety of applications. One example is phagemids. The properties of phagemids were first explored in the 1980s (16, 17) , and they were used as cloning and sequencing vectors (18) . Phage-display is a closely related technology in which phages are engineered to present recombinant protein libraries on their surface, and this method has been used to develop and select highly specific peptides and antibody fragments against a variety of targets (for a review, see Kehoe and Kay (19) ). The M13 filamentous phage has been extremely well-characterized (20) and is one of the phages most commonly used as a base for these technologies. This phage is rod-like in shape and has five coat proteins that assemble around the circular, single-stranded DNA (ssDNA) phage genome. The length of the phage is proportional to the size of the genome, and for a wild-type phage whose genome is between 5-8 kb, the mature phage is 6 nm wide and 800-2000 nm long. Genomes as large as 12 kb can also be packaged (20) . One of the minor coat proteins, pIII, makes up part of the cap on the end of the M13 virion and is the protein that has been most successfully modified to present recombinant proteins in phage-display applications. Uptake of phage in mammalian cells is achieved via receptormediated endocytosis through the use of targeted ligands displayed on the phage surface (21) .
Phagemid Components and Preparation
Phagemids are plasmid vectors that can be transformed and propagated in bacteria. Unlike conventional plasmid vectors, phagemids contain elements that cause them to be packaged into phage capsids as ssDNA when the phagemidtransformed bacteria are superinfected by helper phage, resulting in phagemid particles (19) . These essential elements typically include an antibiotic resistance marker, bacterial replication of origin, and a phage origin of replication, which is also important for packaging. Helper phage are bacteriophages whose genomes have been modified such that they provide all the proteins necessary to generate new phage, but are themselves very inefficiently packaged in the presence of phagemid vectors that carry optimal packaging signals (phage origin of replication). An alternative method for phagemid particle preparation is to transform the phagemid vector into bacteria that have been previously transformed with a helper phage genome (22, 23) . A schematic of these two preparation methods is shown in Fig. 1 .
In Vitro Delivery of Phagemids Expressing shRNA
The field of phagemid-mediated transgene and siRNA delivery is currently in its infancy. However, we present two examples demonstrating the ability of phagemid particles to deliver plasmids which generate shRNA in mammalian cells.
Recently, Jiang et al. (24) were able to knock down the expression of enhanced green fluorescent protein (EGFP) and the oncogene AKT1, coding for a serine-threonine protein kinase, in NCI-H1299 (large-cell lung carcinoma) cells in vitro using epidermal growth factor (EGF)-displaying phagemid particles and RNAi, in the presence of the topoisomerase I inhibitor hydroxycamptothecin (HCPT). Using pSilencer plasmids designed to generate shRNA against either EGFP or AKT1, they created phagemids that were effectively packaged into phagemid particles in E. coli transformed with the EGF-pIII-encoding helper phage genome, M13KO7EGFCT. The gene encoding pIII in this helper phage genome has been modified such that the minor coat protein expressed is a pIII-EGF fusion protein (22) . Because these phagemid particles expressed EGF on their surface, they could be taken up via receptor-mediated endocytosis by mammalian cells to which they otherwise have no natural tropism.
Jiang et al. used their phagemid encoding siRNA against EGFP to estimate the transduction efficiency of their system. Cells were transfected with EGFP and then 12 h later transduced with 10 11 plaque-forming units per ml of phagemid particles. At 24 h after transduction, HCPT was added to a final concentration of 2.5 µM. When assayed 48 h after transduction, the percentage of EGFP-positive cells in H1299 cells treated with siEGFP phagemid particles and 2.5 µM HCPT was reduced to approximately 50% of the control cells that had been treated with phagemid particles carrying an empty pSilencer vector.
Jiang and coworkers also achieved a 50-60% knockdown in the expression of AKT1 72 h after transduction, as determined by Western blotting, using siAKT phagemids. Untransduced cells and a mock control phagemid that differed from the siAKT sequence by only one nucleotide were used for comparison. Knockdown of AKT1 protein expression was dependent on the phagemid particle dose and required the presence of HCPT. The level of knockdown observed using the highest dose of siAKT phagemid particles was comparable to that observed when the corresponding non-phagemid siAKT vector (i.e., the same siRNA expression vector without the F1 origin sequence that is essential for phagemid packaging by helper phage) was transfected into H1299 cells using Lipofectamine™ 2000 (Invitrogen), a common nucleic acid transfection reagent. Despite the significant reduction in AKT1 protein expression, Jiang et al. did not observe significant inhibition of cell growth, which they posit may be a result of the stimulatory nature of the EGF ligands present on the phagemid particles.
In related work by Cai et al. (25) , the same methodology was used to construct a phagemid-encoding shRNA against focal adhesion kinase, which was subsequently packaged into EGF-displaying phagemid particles using E. coli transformed with M13KO7EGFCT. Focal adhesion kinase (FAK) is a nonreceptor tyrosine kinase that has been shown to be a key component in the regulation of cell survival, proliferation, and migration, and appears to play an important role in tumorigenesis and metastasis, making it an attractive target for cancer therapy (26) . siFAK-encoding phagemid particles in conjunction with HCPT treatment significantly reduced the expression of FAK in H1299 cells, inhibited cell invasiveness in a transwell invasion assay by approximately 50%, and reduced colony formation by 54% compared to control groups. While MTT cell growth assays showed after 72 h that HCPT and HCPT + mock siRNA phagemid particles reduced cell growth by 12-19%, the growth of cells treated with siFAK phagemid particles and HCPT was reduced by 52-61% compared to untreated cells (25) .
Concerns and Outlook for Phagemid Particles
In both of these examples of siRNA-encoding phagemid particles, significant knockdown was only seen in the presence of HCPT, a topoisomerase I inhibitor that is also used as an anti-cancer treatment. While it has been shown that genotoxic treatments can increase gene delivery, the mechanism is not completely understood (27, 28) . This seeming requirement for co-treatment with HCPT to achieve significant knockdown may pose an obstacle for the further development of these vectors.
Additionally, the authors of both studies make only qualitative statements about the degree of contaminating helper phage in their phagemid particle stocks, saying that "almost all of the DNA packaged" was phagemid DNA (24, 25) . In both studies, E. coli were transformed with a helper phage genome as reported by Li et al. (22) and used to generate phagemid particles, yet contaminating helper phage was still present. By contrast, Chasteen and co-workers reported that helper-free phagemid preparations were achieved using a conceptually similar system, i.e., one using cells transformed with an engineered helper phage genome (23) . Given these conflicting reports, and because of the prevalence of similar problems in other helper virus systems, it is unclear whether helper-free phagemid preparations are an impossibility or if they can be achieved through careful design and engineering of the phagemid and helper phage genome.
Pharmacokinetics is another important consideration for the use of phage-derived technologies in vivo. Bacteriophage are known to be rapidly cleared from the circulatory system of mammals. However, circulation time is dependent on the type of phage used and the peptides displayed on its surface; work by several groups has shown that modification of the phage coat proteins can dramatically improve the serum halflife of phages (29) (30) (31) (32) (33) .
Phagemid particles are an attractive delivery vehicle because, unlike animal viruses, bacteriophages exhibit no natural tropism toward mammalian cells and, by virtue of their ligand display properties, have the potential to be developed as highly specific, targeted vectors. The ability to generate targeted ligands quickly through phage-display technology and directed evolution is well-known, and while not always dramatic, results showing that phage-derived vectors can be targeted toward mammalian cells are promising (19, 27, 28, (34) (35) (36) (37) (38) Herpes Simplex Virus-1 (HSV-1) has been used to develop another pseudoviral system, the HSV amplicon. HSV-1 is a member of the Alphaherpesvirinae subfamily of Herpesviruses. Wild-type HSV-1 is an enveloped virus whose attachment is mediated first by the interactions of envelope glycoproteins gB and gC with heparin sulfate on the cell surface. This is followed by binding of envelope glycoprotein gD with heparin sulfate, herpes virus entry mediator (HVEM), or nectins, which leads to fusion of the viral envelope with the cell membrane (39) . Because these receptors are widely expressed, HSV-1 has wide tropism for neuronal, as well as epithelial, cells.
The size of the native HSV-1 genome is 150 kb; it encodes numerous immediate-early, early, and late gene products. Several of its immediate-early gene products, including ICP0, ICP27, ICP4, and ICP22 are involved in the regulation of viral gene expression (39) . More than 40% of adults possess antibodies against HSV-1 (40) and potentially harbor latent infections. In its latent state, the HSV-1 genome is maintained episomally in neurons.
Essential Elements of Herpes Simplex Virus-1 Amplicons
Herpes Simplex Virus-1 amplicons (HSV amplicons) were initially developed as amplifying and cloning vectors (41) and, like phagemid particles, are an example of a transpackaging system. Amplicon plasmids contain two key elements, namely the viral origin of replication (ori) and the DNA cleavage/packaging signal (pac), and comprise the base of the system. HSV amplicons are helper-dependent vectors. When helper functions are supplied in trans by one of the various helper systems (described below), the amplicon plasmid is replicated and amplified as~150 kb head-to-tail concatamers of linear DNA and is packaged into particles. The particles are structurally identical to wild-type HSV-1 viral particles, i.e., DNA associated with core proteins, surrounded by an icosohedral nucleocapsid, tegument, and viral envelope. The resulting amplicon vector contains only the linear concatameric form of the plasmid and does not contain any HSV coding sequences (42) . Amplicon vectors make use of the inherent, large 150 kb capacity of HSV-1 virions. For example, an HSV amplicon resulting from a 5 kb amplicon plasmid will carry a linear DNA with 30 tandem repeats of the plasmid sequence and transgene, whereas a 150 kb amplicon plasmid will result in an HSV amplicon vector that carries only one repeat (43) . The ability of amplicon plasmids to carry such long segments of DNA allows for entire regulatory sequences of the exogenous gene to be accommodated.
Because the only viral sequences HSV amplicons carry are the ori and pac, several systems have been designed to provide the viral genes essential for replication and packaging. At their inception, HSV amplicon systems relied on a replication-deficient helper virus to provide these functions (41, 43) . Similar to the phagemid system, eukaryotic cells were transfected first with the amplicon plasmid and then superinfected with HSV helper viruses. These preparations invariably had high levels of contaminating helper virus that were cytotoxic. Later, the work of Geller and Breakefield (44) demonstrated that by using a replication-defective and temperature-sensitive mutant of HSV as the helper virus to prepare the amplicon stocks, transgene expression could be achieved in rat neurons while generating only low levels of replication-competent helper virus in the transduced cells (less than 10 plaque-forming units per ml).
The next advance towards developing a helper-free packaging system was a set of five overlapping cosmids that together cover the entire HSV genome, but with the packaging signals removed, which supply all of the HSV genes needed for replication and packaging (45, 46) . This system required that cells be transfected with the entire set of cosmids in addition to the amplicon plasmid. The major drawback was that even though the packaging signals had been removed from the cosmids, low levels of helper virus (generated through recombination) were still present in the amplicon stocks.
Most recently, Saeki et al. (47) developed a packaging system capable of producing virtually helper-virus-free amplicon stocks containing less than 1 helper virus per 10 8 amplicon transducing units (T.U.). In this system, an artificial bacterial chromosome (BAC) containing the entire HSV genome, with the packaging signals and ICP27 coding sequences removed, as well as an additional "stuffer" DNA sequence, was engineered. ICP27 must be supplied in trans either by transfection or by a complementing cell line (Fig. 2) . The stuffer DNA sequence increases the size of the BAC to 178 kb. This decreases, though does not eliminate, the likelihood that the BAC will be packaged into a viral particle in the event that it acquires a packaging signal through recombination with the amplicon vector. Additionally, the majority of reconstituted helper viruses generated in this way are likely to be attenuated or replication-defective because they lack ICP27 and have likely lost viral genes through deletions to achieve a size small enough to be packaged. Furthermore, the potential to generate a packaging-and replication-competent helper virus exists; however, this requires that the BAC acquire ICP27 through another recombination event with the ICP27 plasmid, or from the complementing cell line. Because this combination of events is rare, the HSVamplicon stocks produced are essentially helper-free.
Alternatively, improvements continue to be made in the development of helper virus-based helper systems to produce amplicon stocks free of contaminating helper virus. For example, in the work of Zaupa and colleagues (48), a series of two ICP4-completmenting cell lines, the second of which also expresses Cre recombinase, and an ICP4-deficient helper virus with a floxed packaging signal were developed. The amplicon plasmid is transfected into the first cell line and then super-infected with helper virus to produce amplicon vectors containing helper virus. These stocks are then used on the second, Cre-expressing cell line; because this line expresses Cre recombinase, the floxed packaging signal in the helper virus is removed, preventing packaging of the helper genome.
The final amplicon vector stocks produced with this procedure have high titer, up to 5 × 10 8 T.U. per ml after concentration, with one contaminating helper virus per 224 amplicons.
HSV Amplicons for RNAi In Vitro and In Vivo
Because HSV amplicons are only capable of carrying DNA, it is not possible to directly deliver siRNA oligomers. The amplicon plasmid is co-transfected into permissive cells along with a set of five cosmids covering the entire HSV-1 genome (with the packaging signals deleted). C. BAC: The amplicon plasmid is co-transfected into permissive cells along with a plasmid carrying the ICP27 gene and a Bacterial Artificial Chromosome (BAC) containing the entire HSV-1 genome, minus the packaging signal and ICP27. In all systems, the amplicon plasmid is replicated in permissive cells via a rolling-circle mechanism, and the resulting linear concatameric DNA is cut into 150 kb segments that are then packaged into amplicons. Amplicon stocks produced using the helper virus system (A) contain low levels of contaminating helper virus. Amplicon preparations produced using the cosmid system (B) contain low levels of contaminating recombinant virus. In the last system, the large size of the BAC precludes the generation and packaging of the majority of recombinant HSV, resulting in virtually pure amplicon preparations (C). efficiency, the amplicon plasmid contained an oligonucleotide sequence under an H1 RNA polymerase III promoter that when expressed generates an shRNA designed to suppress Tag (pA-shBKVT). Reduced staining with a fluorescently tagged antibody against T-ag in successfully transduced (i.e., GFP-positive) cells was observed, indicating that T-ag expression was being suppressed by siRNA. This was confirmed by Western blot, as they saw a marked reduction in T-ag levels in pA-shBKVT-transduced cells as compared to those transduced with a scrambled shRNA control (multiplicity of transduction (MOT)=5 was used). Cell counting assays showed a dose-dependent reduction in the growth rate of pA-shBKVT-transduced cells in vitro, and pA-shBKVT transduced cells (2 × 10 5 cells per mouse) did not establish tumors even after 31 days in BALB/c mice, unlike empty vector and scrambled controls.
Saydam et al. (50) had previously used a similar system, in which amplicon vectors contained an EGFP expression cassette and a shRNA sequence, to suppress the growth of human glioma cells in vitro and in vivo by targeting epidermal growth factor receptor (EGFR). In vitro, EGFP expression allowed Saydam and colleagues to determine that approximately 30% of cells were transduced by the amplicon vectors. Western blotting showed a marked decrease in EGFR in cells 4 days after transduction with amplicons expressing shRNA against EGFR (pHSVsiEGFR). Saydam et al. also observed a 40-50% decrease in colony forming ability as well as an increase in apoptosis over the control (MOT=5). In athymic nude mice, glioma cells transduced with amplicons carrying only EGFP and shRNA against EGFP were able to establish tumors, whereas those transduced with pHSVsiEGFR prior to implantation were not. For pre-established xenograft tumors, those treated intratumorally with 1 × 10 6 T.U. of pHSVsiEGFR three times per week were significantly smaller in volume and expressed less EGFR compared to those that were mock-or EGFP-treated.
Finally, Saydam et al. (51) were able to show in a separate study that glioma cells in vitro and xenograft tumors treated with amplicons carrying shRNA against Rad51, an essential component for homologous recombination in double-stranded DNA break repair, were more sensitive to the effects of ionizing radiation than those treated with control amplicons coding for shRNA against EGFP.
Concerns and Outlook for HSV Amplicons
There are several disadvantages to the HSV amplicon system, including the difficulty in producing high-titer, helpervirus-free amplicon stocks. Although the BAC system can generate essentially helper-free amplicon stocks, the titer is on the order of 10 7 T.U. per ml (47) . This issue may be addressed with additional improvements to the helper-free systems, or potentially with the further development of helper systems, such as the one described above by the Epstein group (48) , which achieve high titers albeit with higher levels of contamination. The level of helper virus in their system is relatively low (0.5%), and 36% transduction efficiency was maintained with only a minute increase (0.23%) in cell death.
HSV amplicons carry no viral coding sequences and are therefore not toxic to the transduced cell. However, the possible impact of pre-existing immunity to HSV on the efficacy of HSV amplicons and the potential for recombination in a patient with a latent HSV infection is still somewhat debated (39, (52) (53) (54) . The HSV amplicon is also a transient expression system. Therefore, long-term, stable expression of the transgene sequence is not possible without the creation of an integrative amplicon hybrid, such as the EBV-, retrovirus-, or AAV-amplicon hybrids (55) .
HSV amplicons are attractive vectors because of their similarity to HSV-1, while not containing any viral genes. HSV amplicons make use of the natural tropism of wild-type HSV for neural and epithelial cells, but have also been shown to be capable of transducing a number of cell and tissue types (43, 56) . In addition, work on the engineering and targeting of HSV to specific receptors and cell types can also be directly applied to amplicons (57) (58) (59) . Perhaps the most attractive feature of HSV amplicons is their extremely large transgene capacity. The native virus's 150 kb capacity allows for the conveyance of extremely large fragments of foreign DNA, meaning that multiple transgenes and expression cassettes can be included on the same vector, such as EGFP to monitor transduction efficiency, as well as entire regulatory mechanisms (60) . Other possibilities include expression cassettes for multiple shRNAs against different sequences of the targeted mRNA, several variants of the targeted mRNA (i.e., spliced forms), or different mRNAs. Because of the concatameric nature of the amplicon, there can be multiple copies of the transgenic sequence, thus increasing the likelihood that these sequences will be expressed at high levels within the cell.
SV40
In Vitro-Packaged Vectors: An Efficient Method to Deliver siRNA and Express DNA-Directed siRNA
Simian Virus 40
Simian virus 40 (SV40) is a non-enveloped polyomavirus with a 5.2 kb double-stranded circular DNA genome. The wild-type SV40 genome encodes two early genes: the large T antigen (T-ag), which is essential for viral genome replication and expression of the late genes, and the small t antigen (tag). The expression of T-ag and t-ag are driven by the SV40 early promoter. The late promoter, located on the opposite strand from the early promoter, is responsible for the transcription of the three capsid genes: VP1, VP2 and VP3 (61) (62) (63) (64) (65) .
SV40 is able to infect both dividing and non-dividing cells and is capable of integrating into the host genome in various locations. Moreover, the circular DNA genome may open at various sites when it integrates (66, 67) . SV40 infection and integration can occur in all mammalian species; however, replication of the virus is limited to monkeys who are therefore considered "permissive." Human cells support viral replication in a non-efficient manner, and therefore are categorized as "semi-permissive," and other species, such as mice, are "non-permissive." Maintenance of the wild-type virus within the host genome can occur either by integration, as described above, or by the formation of a self-replicating mini-chromosome, a process that requires the expression of T-ag.
Entry of the wild-type virus into cells differs from most other viral infection pathways in that it largely avoids a cytoplasmic phase and differs from enveloped viruses because of its inability to fuse with the cell membrane. Viral entry begins with the virus binding to its primary receptor, the major histocompatibility complex class I (MHC class I) (68) . The virus then binds to GM1 gangliosides and travels with them to the endoplasmic reticulum (ER). The transport to the ER is mediated by caveolae and facilitated by ER chaperones. Following disassembly in the ER, nuclear pore complexes assist in delivery of the viral DNA to the nucleus for replication.
Preparation of SV40 In Vitro-Packaged Vectors SV40 in vitro-packaged vectors represent a third example of a trans-packaging system. These vectors are derived from SV40 and exploit the ability of the viral capsid proteins to self-assemble into virus-like structures around nucleic acids (65, 69) . While in vitro-packaged vectors have been prepared using all three capsid proteins (70, 71) , these virus-like particles are routinely assembled using only VP1, greatly simplifying their preparation (72) .
The first step in the in vitro preparation of the SV40 particles is the production of VP1. Production of this major capsid protein is accomplished in Sf9 insect cells using a baculovirus expression system. Sf9 nuclear extract containing VP1 is mixed in a tube with the nucleic acid cargo (either plasmid DNA or siRNA) around which VP1 assembles into pseudoviral particles in the presence of ATP and MgCl 2 . After assembly, the pseudoviral particles are stabilized by the addition of CaCl 2 . No encapsulation sequences are required, so the process does not incorporate any of the wild-type SV40 genetic material. Mukherjee and colleagues (73) developed a slightly different methodology for encapsulation using the same VP1-containing nuclear extracts from Sf9 cells treated with a reducing agent (dithiolthreitol, DTT) and RNase. During the assembly step, their method calls for KCl, NH 4 Cl, glycerol, and a pH of 7.9 in addition to ATP and MgCl 2 . The stabilization step is buffered to a pH of 5.2. Fig. 3 compares these two methods. The lack of viral genetic material means that synthetic siRNA oligomers or large DNA plasmids, up tõ 17 kb, can be efficiently packaged. These particles can be stored at −20°C or −80°C and used to directly transduce a variety of cells in vitro (dividing as well as resting cells), or injected in vivo. While the inherent immunogenicity of SV40 in vitro-packaged vectors has not been conclusively determined, based on studies of other SV40-derived vectors, it is thought that these pseudovirions are unlikely to elicit immune responses in vivo (74, 75) .
Comparison to Recombinant SV40 Virus (rSV40)
There are certain fundamental differences between in vitro-packaged vectors and the related, recombinant SV40 viral vectors (rSV40) described in the works of Strayer and Cordelier, among others (76) . In 2003, Cordelier and colleagues (77) designed a recombinant SV40 vector that lacked T-ag sequences but retained the SV40 capsid genes, as well as the origin of replication (ori) and packaging signal (ses), which overlap with the SV40 early promoter region. This recombinant virus carried a shRNA sequence shown to target the CCR5 chemokine receptor in phagocytes and was packaged into infectious virions with the help of a COS7 packaging cell line that stably expresses an origin-defective SV40 mutant. They demonstrated a reduction in the number of cell membrane CCR5 receptors, which was shown to protect cells from infection with R5-tropic HIV. These rSV40 vectors differ from in vitro-packaged vectors, which carry no viral sequences and have also been used in RNAi applications (described below), because they still carry viral coding sequences and so cannot be categorized as pseudovirions. rSV40 vectors whose structural genes have been removed, leaving only ori, ses, and the SV40 early-promoter (which is overlapped by ori and ses), are also possible (76) .
Delivery and
Using confocal microscopy, we demonstrated the delivery of fluorescently-tagged siRNAs (siRNA-3′FL) via SV40 in vitro-packaged pseudovirions into .45 lymphoblastoid cells. Three days post-transduction, the fluorescence signal observed using confocal microscopy as well as flow cytometry indicated that in vitro-packaged vectors successfully delivered siRNA to all cells. Human lymphoblastoid cells were also transduced with pseudovirions carrying a plasmid that expresses EGFP as well as two sets of pseudovirions containing siRNAs to silence EGFP (IVP-siGFP). The cells were monitored daily via flow cytometry. Expression of EGFP was virtually shut down on day 3 and recovered completely by day 6. This is a significant result because transduction of cells in suspension with siRNA is more challenging than with adherent cells.
siRNA was also effectively delivered into HeLa cells that stably express EGFP using SV40 in vitro-packaged vectors; cells analyzed by flow cytometry three days post-transduction with IVP-siGFP showed that a 300-fold reduction in fluorescence was achieved in these cells. Moreover, various amounts of siRNA were used in the packaging reactionfrom 1 to 100 μg, equivalent to approximately 140 pmol to 14 nmol-and in all cases EGFP fluorescence was dramatically reduced after 3 days with only very slight dose-response differences, indicating that sub-microgram quantities of in vitro-packaged siGFP may be sufficient to silence gene expression. On day 4, EGFP expression slowly began to increase and completely recovered six days post-transduction.
These findings suggest that SV40 pseudovirions can be used to package and introduce siRNA sequences into both adherent and non-adherent cells, achieving some degree of silencing for up to 6 days in vitro.
Concerns and Outlook for In Vitro-Packaged SV40 Vectors
In conclusion, SV40-based pseudovirions have a promising potential for use in RNAi applications. SV40 in vitro-packaged vectors have a number of important advantages and a few disadvantages. They are able to transduce cells from a variety of mammalian species and to transduce quiescent as well as actively dividing cells. In vitro, cells in suspension are transduced with a similar efficacy and efficiency as adherent cells, a highly desirable and distinguishing characteristic of these vectors. The greatest advantage of the SV40 system is the ease with which the vectors are prepared and the flexibility that the system affords with regard to cargo. As described above, SV40 in vitro-packaged vectors do not Fig. 3 . Methods of SV40 in vitro packaging. Nuclear extracts from Sf9 cells are harvested 3 days after infection with a baculovirus that carries the gene for the major capsid protein of SV40, VP1. In the conventional method of packaging (left side), 100µg of nuclear extract is mixed with the cargo (e.g., siRNA), ATP, doubly distilled water, and MgCl 2 and incubated in a 37°C water bath for 6 h (Pseudovirion assembly). This represents one packaging reaction. To stabilize the pseudovirions, CaCl 2 is then added and the packaging reaction is placed on ice for 1 h before being stored at −20°C. In a second method, developed by Mukherjee et al.
(right side), nuclear extracts are treated with a reducing agent (DTT) and RNase for 20 min in a 37°C water bath to fully dissociate partially formed capsids and to remove Sf9 RNA. In the assembly step, a mix containing plasmid DNA, ATP, Hepes-KOH pH 7.9, MgCl 2 , KCl, NH 4 Cl, glycerol, NP-40, and doubly distilled water is combined with the treated nuclear extracts in a 1:5 (wt/wt) ratio of DNA to VP1 and incubated at 37°C for 1 h. Next, the stabilization buffer, containing CaCl 2 , sodium acetate buffer pH 5.2, KCl, NH 4 Cl, and distilled water, is added to packaging reaction and kept on ice overnight. Lastly, the finished packaging reaction is incubated with DNase I on ice for 10 min to digest unincorporated DNA. The DNA disgestion is stopped by performing a chloroform extraction, and completed particles are collected in the aqueous phase and stored at −80°C.
require any viral packaging sequences, neither in cis nor in trans, and thus are able to package shRNA-encoding plasmids as well as synthetic siRNA oligomers. In addition, synthetically modified oligomers, such as those that have been fluorescently tagged, can also be packaged, which sets SV40 apart from the two pseudovirion systems discussed above. In our 2005 work (78), the lower limit of siRNA needed to achieve silencing was undetermined, and so the quantity of siRNA needed may be much less than 1µg. While there has been some study of cellular uptake (79), the mechanism of vector entry has not been fully elucidated. It is possible that wild-type SV40 virions, which are trafficked to the ER and subsequently disassembled, travel a different pathway than in vitro-packaged vectors carrying siRNA oligomers, whose cargo must ultimately go to the cytoplasm.
Because the VP1 capsid protein is produced in Sf9 cells, large quantities of vector can be easily prepared in vitro; this, however, is also one of the greatest drawbacks to the SV40 system. The mechanism of packaging and pseudovirion selfassembly is not yet fully understood, and components in the crude nuclear extracts of Sf9 cells that may aid in this process are as yet uncharacterized. This lack of characterization presents an additional obstacle to the development of these vectors for therapeutic use in humans.
Application of Influenza Virosomes to the Delivery of siRNA
The Influenza Virus
Influenza is an enveloped RNA virus that infects mammals and birds. The virus bears an 80-120 nanometer envelope coat which encapsulates a core of negative-sense genomic RNA intertwined in nucleoprotein. Owing to its segmented genome and lack of proofreading RNA polymerase, influenza evolves rapidly, allowing it to evade host protective immunity (80) . Many serotypes exist, based on antibody response to distinct influenza envelope proteins, which gives rise to the common nomenclature for this virus (e.g., H5N1, H1N1). Of the three genera of influenza, type A boasts the greatest serotypic variety and presents the most serious risk of virulence to humans. Advances in virology have allowed researchers to harness the infectious qualities of this virus in the form of reconstituted influenza virosomes, which represent a promising delivery vehicle of therapeutic agents such as siRNA.
The influenza virus has ensured its continued survival by evolving elegant mechanisms to faithfully deliver its genetic material and efficiently escape host cell defenses. It relies on two viral coat proteins to accomplish this task: hemagglutinin (HA) and neuraminidase (NA). HA is a homotrimeric integral membrane glycoprotein which binds to terminal sialic acids located on surface glycoproteins and glycolipids of target cells. Once tethered to the cell surface, viral particles are endocytosed via clathrin-dependent and clathrin-independent pathways (81) . The virus is then sequestered in endosomes and is subjected to acidification during endosome maturation. A drop in pH below 6 initiates a conformational change in HA such that a hydrophobic fusion peptide is able to insert into the endosomal membrane. The fusion of the viral and endosomal membranes liberates the encapsulated genomic RNA which escapes into the cytosol (82, 83) . Neuraminidase, the other chief virulence coat protein, cleaves terminal sialic acid from the cell surface. While HA is integral to viral entry, its binding also hinders the budding of a mature virus particle. NA thus ensures a timely release by eliminating binding sites for HA (84) . Sialic acids located on neighboring viral envelopes are also cleaved by NA, which prevents viral aggregation.
Virosomes and Their Uses
The HA coat protein is sufficient to mediate both cell surface binding and membrane fusion (85) . HA, along with the other viral envelope constituents, can be isolated and reconstituted into virus-like particles dubbed virosomes (86) . Virosomes mimic native influenza in terms of morphology, receptor binding characteristics, and membrane fusion capability. They have proven their utility in the delivery of a variety of therapeutics that can be linked to the virosomal surface or encapsulated within the lumen.
Aside from their power to encapsulate and deliver siRNA, virosomes have proven useful in a number of other applications. Since the first documented production of virosomes in 1975, the span of virosome-mediated applications has broadened markedly. Initial investigations into reconstituted virosomes indicated that they are strong stimulants of the immune system (86) . Accordingly, virosomal vaccine strategies have been at the forefront of much research regarding reconstituted influenza virosomes. Unlike inactivated native influenza, virosomes retain their endosomal fusogenic properties. They can present antigens to the cytosol, enabling them to access MHC class I antigen presentation and thus provoke CD8+ T lymphocyte activity. Virosomes, therefore, stimulate the cellular arm of the immune system by spurring cytotoxic T lymphocyte activity, in addition to eliciting a potent humoral response. The existence of virosome-based influenza and non-influenza vaccines (87, 88) and reported anti-cancer immune stimulating properties (89) demonstrate the versatility and immunostimulatory characteristics inherent to virosomes. In addition to their immunological applications, cytotoxic drugs and other toxins have been incorporated and delivered using virosomes (90, 91) .
For over a decade, virosomes have been recognized for their ability to deliver plasmid DNA (pDNA) attached to their surface (92) . Conventionally, a cationic lipid is incorporated into the virosomal membrane, which allows pDNA to associate externally. However, DNA complexed to the virosome surface is sensitive to nucleases and is degraded in vivo (93) . This susceptibility spurred the development of a new method for preparing virosomes that offers protection to the nucleic acid cargo. The virosome assembly method discussed below accomplishes this task.
Virosome Preparation
The production of virosomes primed for the delivery of encapsulated siRNA is detailed by de Jonge et al. (94) and in Fig. 4 . Native type A influenza virus, H3N2 in this instance, is first subjected to β-propiolactone, a common anti-viral agent that inactivates the viral RNA. The viral envelope is then solubilized by the addition of 1,2-dihexanoyl-sn-glycero-3-phosphatidylcholine (DCPC), a short-chain phosphatidylcho-line with detergent-like properties. Subsequent ultracentrifugation of the solubilized virus serves to both isolate the major envelope proteins, namely HA and NA, in a clear supernatant and remove pelleted nucleoprotein containing the influenza genomic RNA that remains intact, thus removing any replicative ability.
Because the encapsulation of naked siRNA is inefficient (95) , duplex siRNA is first complexed to the cationic lipid N, N-dioleoyl-N,N-dimethylammonium chloride (DODAC); this increases the incorporation efficiency of siRNA to 35%. The addition of complexed siRNA to the solubilized viral lipids and membrane proteins is followed by the removal of the DCPC Fig. 4 . Preparation of siRNA-loaded influenza virosomes. Native influenza virus is first inactivated by the addition of β-propiolactone. The virus is sedimented from the preparation and solubilized upon the addition of DCPC, a short-chain phosphatidylcholine with detergent-like properties. Ultracentrifugation pellets the viral capsids and nucleoprotein. Solubilized viral coat components remain in the supernatant and are combined with siRNA that has been previously complexed with the cationic lipid DODAC. DCPC is removed through dialysis allowing for viral membrane reconstitution and siRNA encapsulation. Lastly, reconstituted virosomes are purified through discontinuous sucrose gradient ultracentrifugation. (Influenza virus image adapted from the "Molecular Expressions" website of the National High Magnetic Field Laboratory, Florida State University, by permission.) detergent by dialysis. Extraction of DCPC permits the virosomes to reconstitute and, in the process, encapsulate siRNA. Finally, any free, unencapsulated material is removed from the preparation by discontinuous sucrose gradient ultracentrifugation. The resulting virosome particles have a mean diameter of 60 nm and are prepared to deliver their packaged siRNA.
Analysis of reconstituted virosomes by continuous sucrose gradient centrifugation reveals that virosome protein, phospholipids and siRNA are enriched at a single sucrose density. Virosomes are also capable of protecting encapsulated siRNA from extravirosomal proteins, as exposure to benzonase, a potent endonuclease, fails to substantially degrade packaged siRNA (<20%). Thus, siRNA is tightly packaged within mature virosomes (94) .
In Vitro and In Vivo Delivery of siRNA Via Virosomes
Jonge et al. (94) conclusively established the in vitro delivery of duplex siRNA packaged within virosomes and provided preliminary insight into the in vivo utility of this delivery system. Using Cy5-labelled siRNA, the fusogenic capability of packaged virosomes was first verified: virosomes exhibited rapid fusion with erythrocyte ghost target membranes at pH 5.5 but not when incubated at a pH of 7.7. Therefore, reconstituted virosomes retain the pH-dependent conformational switch mechanism intrinsic to native influenza HA. Importantly, virosomes do not exhibit the significant levels of cellular toxicity detected in baby hamster kidney (BHK21) cells, unlike native influenza.
A direct assessment of delivery capacity alongside Lipofectamine™ 2000 resulted in similar levels of siRNA delivery, with virosomes having slightly higher efficiency at low siRNA concentrations. A functional in vitro analysis showed that siRNA packaged into virosomes was able to inhibit the expression of both transiently and constitutively expressed EGFP in a dose-dependent manner: BHK21 cells analyzed by confocal microscopy 24 h after treatment with virosomes containing siRNA showed little change with 1 and 2.5 pmol of siRNA, but significant fluorescence reduction with 5 and 10 pmol. The effects were specific, as control cells treated with virosomes containing siRNA directed against HA exhibited no reduction in fluorescence. In addition, the effect was shown to rely on the fusogenic capability of the packaged virosomes, as virosomes whose HA had been inactivated with low pH treatment were ineffective.
In A2780 cells constitutively expressing GFP, a dosedependent silencing effect was seen using flow cytometry at 24 h after treatment, with a maximum reduction (77%) in expression observed at 72 h. Importantly, transfection efficiency seemed to approach 100% as the entire cell population was shifted to lower fluorescence. Transfection efficiency with Lipofectamine™ 2000 was slightly more effective but also more toxic to cells, limiting the maximum deliverable amount of siRNA to 3 pmol. By contrast, siRNA-loaded virosomes were well-tolerated.
Lastly, C57BL/6 mice injected intraperitoneally with 200 pmol of fluorescently labeled siRNA encapsulated within virosomes showed significant levels of siRNA within cells of different sizes, probably representing granulocytes, macrophages and lymphocytes. While not comprehensive, these results indicate virosomes may represent an efficacious vehicle for the in vivo delivery of siRNA into various cell types.
Modifying Influenza Virosomes: Targeting Through Hydrophilic Polymers
In an effort to improve stability and target specific cell types, innovative modifications to virosome composition have been proposed. While they are just beginning to be explored, these types of alterations have been extensively investigated in liposomal applications, and could ultimately prove beneficial in advancing virosomal delivery techniques.
The addition of hydrophilic polymers such polyethylene glycol (PEG), polyacryloylmorpholine, polyvinylpyrrolidone, or poly(2-oxazoline) can stabilize liposomal vesicles (96, 97) and increase circulation time in vivo (98). However, finding evidence that these polymers confer heightened stability once incorporated into the virosome membrane has proved difficult. In fact, initial examination of PEG-modified virosomes showed substantial inhibition of fusogenic capacity and sialic acid receptor binding (99) . Also, PEG-incorporated liposomes typically have PEG moieties on both sides of the bilayer membrane. When located on the inner face of a liposome, its large molecular weight renders a PEG molecule a steric inhibitor of nucleic acid encapsulation (100). An alternative preparative methodology has been established that results in PEG moieties being preferentially inserted into the outer membrane of liposomes, which results in little loss of encapsulated material (101) .
While hydrophilic polymers have presented obstacles in conferring virosomal stability, their role in targeting virosomes to specific cell types has yielded promising results. Due to the ubiquitous nature of the cell surface receptors targeted by HA, directing virosomes to a specific cell type is challenging because they must be redirected and targeted concurrently. By coupling Fab' fragments of an anti-epithelial glycoprotein antibody to the distal end of PEG, reconstituted virosomes have been shown to selectively target ovarian carcinoma cells (102) . In this instance, the conjoined antibody ensures target cell specificity. The PEG layer simultaneously prevents HA from binding to cell surface sialic acids, while also preserving the function of the HA fusion peptide within acidified endosomes. Similarly, conjugating Fab' fragments of an anti-Neu (an oncogenic transmembrane growth factor receptor) antibody to PEG-coated virosomes resulted in selective cell infection (90) . Doxorubicin was selectively delivered to Neu-overexpressing breast tumor cells using these targeted virosomes. When tested in vivo, administration of doxorubicin-loaded virosomes arrested tumor formation. While these two antibody-conjugated PEG virosomes were originally developed as vehicles for cytotoxic drugs, their application to virosomal siRNA delivery should be straightforward.
Concerns and Outlook for Influenza Virosomes
Their ease of production and modification makes virosomes an attractive choice for the delivery of siRNA. Additionally, all components of the virosome have been approved for use in humans. Like other pseudovirions, virosomes are stripped of their functioning genetic material and therefore do not raise the concerns that surround conventional viral use.
Virosomes are often compared to liposomal cationic lipids, a closely related delivery vehicle that is extensively used in the in vitro delivery of siRNA (103) (104) (105) (106) . Both virosomes and cationic lipids are able to deliver large lipid: DNA complexes into cells. Because cationic lipid complexation and liposome encapsulation have proven to be effective at nuclease protection and endocytosis initiation, their employment in the in vivo delivery of siRNA has been widely explored. But the mechanisms by which internalized siRNA escapes endosomes packaged within liposomes are not fully understood, and lipid compositions must be carefully selected in order to ensure efficient membrane disruption and cytosolic liberation.
Drawbacks to influenza virosome-mediated siRNA delivery arise primarily from the strong immune response elicited upon virosome administration. This delivery system's stark immunogenicity is problematic, especially when considering that many individuals bear pre-existing HA-or NAspecific antibodies stemming from prior influenza exposure, including vaccination. Some studies have shown that uptake of influenza virus by cells expressing high levels of Fc receptors is enhanced by non-neutralizing, anti-HA and anti-NA antibodies (107, 108) . While opsonization of virosomes does result in antibody-dependent enhancement of infection, it proves beneficial only when using virosomes as a delivery vehicle for immunizing proteins and peptides destined for antigen-presenting cells (109) . This phenomenon offers little, if any, benefit to siRNA delivery, since the vast majority of mammalian cells do not have significant levels of Fc receptors on their surface (110) . Neutralizing antibodies can severely impede the cellular uptake of virosomes, which is likely to render readministration of virosome-encapsulated siRNA problematic. Thus, the delivery of siRNA encapsulated in virosomes is inherently immunogenic. Immunoprivileged sites within the body may tolerate the introduction of virosomes well, but the direct injection of virosomes into organs and tissues such as the brain, eyes and testicles presents technical challenges.
Measures to circumvent obstacles presented by the immune system have been proposed. If prior exposure to a particular serotype of influenza is known, virosomes can be manufactured using novel influenza serotypes to avoid a strong, immediate immune response. The use of pH sensitive bonds between PEG and virosome lipids has been conjectured to circumvent immunological detection while dependably preserving the fusogenic capability of the virosome (102) . This strategy, although unproven, may prove to be practical and effective at surmounting the challenges presented by virosome immunogenicity.
Finally, influenza virosomes are relatively unproven in their ability to deliver siRNA both in vitro and in vivo. To date, only one report has shown their competency to deliver siRNA (94) . Even so, virosomes have proven their worth in a number of other in vivo applications, including immunization and drug delivery. This newly engineered delivery system will likely receive added attention in forthcoming siRNA applications, but much work lies ahead.
Hemagglutinating Virus of Japan Envelope Vector
Hemagglutinating Virus of Japan (HVJ)
Hemagglutinating Virus of Japan (HVJ), also known as Sendai virus, is a murine parainfluenza virus of the Paramyoxviridae family that was first identified in Japan in the early 1950s (111) . HVJ is a negative-strand RNA virus. The nucleocapsid core of the virus, which contains the RNA genome, is surrounded by a lipid-bilayer viral envelope, and its overall size is 150-600 nm (112) . The surface of the viral envelope contains two characteristic and integral glycoproteins, both of which are essential for infectivity. The first glycoprotein, HN, has both hemagglutinating and neuraminidase activities. HN binds to, and ultimately degrades, acetylated sialic acid receptors on the surface of cells.
After HN has bound HVJ to the cell surface, the fusion protein, F, is able to interact with lipids in the cell's plasma membrane, such as cholesterol. The F glycoprotein induces the fusion of the viral envelope with the cell membrane, at which point the contents of the viral envelope are delivered directly into the cytoplasm. This process can occur at neutral pH, an important contrast to influenza. The influenza virus enters the cell via endocytosis, and the viral contents escape only after acidification of the endosome, by which point the contents could be degraded. By contrast, HVJ, and other viruses, such as herpes virus and human immunodeficiency virus (HIV), fuse directly with the cell membrane (112) .
Development of the HVJ-Envelope Vector: Derivative of the Hemagglutinating Virus of Japan
Although the viral fusion properties of HVJ make it attractive as a vector, the viral proteins produced in infected cells are cytotoxic and highly immunogenic (113) . Thus, a pseudoviral vector was developed that makes use of the desirable qualities of HVJ while circumventing those that are problematic. It should be noted that several groups have used virosomes that incorporate the reconstituted envelope proteins of HVJ (114) (115) (116) . However, they are not discussed further here because of their similarity to influenza virosomes.
A chimeric HVJ-liposome system was first reported by Kaneda et al. in 1989 and subsequently developed (117, 118) . In this system, loaded DNA liposomes were fused with UVinactivated HVJ to form fusogenic liposome hybrids that had higher levels of trapped DNA than reconstituted virosomes, and whose major advantage was their ability to transmit their cargo directly to the cytoplasm, bypassing endocytotic uptake (119, 120) . The HVJ-liposome system, however, suffered from a complicated procedure used to generate and fuse liposomes with inactivated HVJ, and reduced fusogenic ability (approximately 2% relative to native HVJ) due to dilution of HVJ glycoproteins (121) . To address these issues, a new vehicle, termed the HVJ-Envelope (HVJ-E) vector, was developed (121) in which cargo, such as DNA, is incorporated directly into intact, though inactivated, HVJ (reviewed by Kaneda et al. (113, 122) ).
To generate HVJ-E vectors, wild-type HVJ (VR-105 parainfluenza1 Sendai/52, Z strain) (113) is first inactivated by treatment with either β-propiolactone (0.0075-0.001%) or by UV irradiation mJoule/cm 2 ), and then purified by ion-exchange chromatography and gel-filtration. The resulting inactivated HVJ particles have a mean diameter of 220 nm, and maintain the native ratio of F and HN fusion proteins,~2-2.3:1, which is extremely important for the efficient fusion of the viral envelope with the cell membrane (112, 123) . Because this ratio is preserved, the fusogenic ability of the inactivated HVJ is similar to that of native HVJ. Inactivated HVJ is then treated with a mild detergent (e.g., 0.24-2% Triton X-100) in the presence of the intended cargo (e.g., plasmid DNA, siRNA, ODNs, peptides, drugs, or combinations thereof) and centrifuged at 18,500 × g for 15 min to move the cargo into the inactivated HVJ, resulting in HVJ-E vectors (Fig. 5) . Fragments of the inactivated HVJ genome and nucleocapsid are present inside of the HVJ-E vector. The supernatant containing unincorporated cargo is removed, and the pelleted HVJ-E is resuspended in PBS. The incorporation efficiency for plasmid DNA is approximately 15-20%; incorporation efficiency drops to 3% without centrifugation, and no DNA is incorporated without detergent treatment. The efficiency of DNA incorporation was measured by treating the completed vectors with DNase I and then solubilizing the vectors and measuring the amount of DNA that was protected within the envelope (121) . The incorporation efficiency for siRNA is reported to be similar to that for plasmid DNA. However, determining incorporation efficiency in this manner may not account for nucleic acids adsorbed to the surface of the vector or anchored in the bilayer.
The most significant difference between HVJ-E and other non-viral envelope-based vectors is that the native structure of the HVJ is never lost. That is, HVJ is never completely disassembled by solubilization with detergent. HVJ-E has been widely used to deliver a number of different molecules to a variety of adherent and non-adherent cells in vitro (121) , and to a number of different target organs and tissues in vivo (113, 124, 125) . The vector kit (GenomONE, Ishihara Sangyo Kaisha, Ltd.) has been commercially available since 2002.
There has also been some work done to target HVJ-E to specific tissues. The first approach was to conjugate HVJ-E with cationized gelatin (CG), a biocompatible polymer. CGconjugated HVJ-E were shown to deliver a luciferase vector primarily to tumor deposits in a mouse model (126, 127) . A second approach was to create an HVJ virus that expressed a chimeric form of the F protein in which the extracellular portion of the F protein was replaced with a single chain antibody fragment against mouse desmoglein 3, a cadherin in the basal keratinocytes in skin (128) . These chimeric HVJ viruses were used to generate HVJ-E that more efficiently transferred a collagen-VII expression plasmid into basal keratinocytes in mouse skin relative to wild-type HVJ.
In Vitro and In Vivo Delivery of siRNA via HVJ-E While there are numerous examples of HVJ-E-mediated delivery of siRNA, two examples are presented here. In 2005, Ito et al. (129) used HVJ-E to deliver single-stranded siRNA against Rad51 (important for homologous recombination in dsDNA break repair) and saw an increase in sensitivity to cisplatin in vitro and in vivo. Northern blots of HeLa cells transfected with empty HVJ-E, scrambled siRNA HVJ-E, or siRad51 HVJ-E (siRad51 HVJ-E) showed 0%, 10%, and 90% reduction in Rad51 mRNA levels, respectively. Rad51 protein expression was undetectable for 4 days after transfection with siRNA against Rad51 (~80 pmol siRNA per 1 × 10 5 cells) compared to the HVJ-E scrambled siRNA control. Additionally, Ito and co-workers showed that siRad51 HVJ-E treatment with cisplatin greatly reduces the colony-forming ability of HeLa cells. The number of colonies formed after 7 days by HeLa cells treated with siRad51 HVJ-E and then treated 3 h later with 0.02 µg/ml cisplatin was only 10% of that formed by cells treated with the HVJ-E scrambled siRNA control and the same amount of cisplatin. The increased sensitivity to cisplatin was true not only of HeLa cells but also of five other commonly used cancer cell lines: PNAC-1 and AsPC-1 (pancreatic), A549 (lung), DU145 (prostate), and MCF-7 (mammary). Cells were treated with HVJ-E siRNA and then treated with 0.1 µg/ml cisplatin 3 days later. Cell counts on day 5 were reduced by at least 30% for all cell lines tested relative to the scrambled control.
For their in vivo studies (129), intradermal HeLa xenografts were established by Ito and colleagues in SCID mice and treated intratumorally with either siRad51 HVJ-E (~2.5 nmol of siRNA) or scrambled siRNA HVJ-E every two days for a total of three injections. Cisplatin (200µg) was injected intraperitoneally on the day of the second siRNA injection. Tumor volumes were measured every two days, and at the end of the 20-day experiment, the average volumes of tumors treated with siRad51 HVJ-E and cisplatin were approximately 400 mm 3 , compared to 1000 mm 3 for the scrambled siRNA HVJ-E with cisplatin, 1300 mm 3 for cisplatin alone, and 2100 mm 3 for PBS alone, PBS with scrambled siRNA, and siRad51 HVJ-E. Transfection efficiency of HVJ-E into tumor tissue was estimated at~50% using HVJ-E carrying FITC-ODN.
It is difficult to make many qualitative comparisons between the work of Ito et al. and Saydam et al. (described above (51)), both of which targeted Rad51, due to inherent differences between the systems (HVJ-E and HSV amplicons, respectively). For example, Saydam et al. used ionizing radiation to induce DNA damage, whereas Ito et al. used chemotherapeutic cisplatin. Comparisons are also difficult because the assays and experiments in each study were highly dissimilar; there are, however, a few points worth highlighting. Both studies were targeting the same sequence on the Rad51 mRNA, and both were able to reduce the growth of tumor xenografts when used in combination with drug or radiation therapy. In vitro, the HVJ-E system eliminated Rad51 protein expression 4 days after transfection, whereas with HSV amplicons, expression was reduced by 60-70%. Saydam et al. note that their reduction in Rad51 was achieved using 2000-fold fewer T.U. than in the HVJ-E work by Ito et al. (5 vs. 10 4 T.U. per cell). However, this comparison is imperfect; in the HSV amplicon system, DNA encoding shRNA was delivered, whereas in the HVJ-E system, siRNA oligomers were delivered directly. Viewed in a different way, Ito et al. Another example of HVJ-E-mediated siRNA delivery comes from the work of Watanabe and colleagues (130) . In their in vitro studies, they targeted Phsopholamban (PLB), a negative regulator protein of sarcoplasmic reticulum Ca 5 . Preparation of hemagglutinating virus of Japan envelope (HVJ-E) vectors for the delivery of siRNA. Native HVJ virus is inactivated with UV irradiation and then purified using ionexchange and gel-filtration chromatographies. Fragments of the inactivated viral genome and nucleocapsid are retained within the inactivated HVJ particle. Inactivated HVJ particles are then treated with a mild detergent and combined with siRNA and centrifuged at 18,500 × g for 15 min. The siRNA is incorporated into the HVJ particles, resulting in HVJ-E. After centrifugation, the supernatant containing unincorporated siRNA is removed, and the pelleted HVJ-E vectors are resuspended in PBS. ATPase 2 (SERCA2), responsible for Ca 2+ uptake into the sarcoplasmic reticulum. Improper Ca 2+ uptake and compartmentalization is a known feature of cardiac failure, and knockdown of PLB has been shown to restore cardiac performance (131) . Using duplex siRNA targeted against PLB (siPLB) delivered via HVJ-E (with a scrambled siRNA duplex as a control, 30 nM siRNA), Watanabe and coworkers were able to show successful, dose-dependent knockdown of PLB and a corresponding increase in Ca 2+ uptake in rat cardiac myocytes. Transfection of scrambled siRNA showed no effect on PLB mRNA levels compared to HVJ-E alone, whereas PLB mRNA levels were reduced to 24% of the scrambled control 48 h after treatment in cells treated with siPLB HVJ-E. Likewise, PLB protein levels in siPLB HVJ-E-treated cells, measured by Western blot 48 h after treatment, were 12% of those in scrambled siRNA HVJ-E. In a time-course experiment, mRNA levels in siPLB HVJ-E-treated cells were seen to decrease after 1 h, reaching a minimum after 12 h, and recovering only after 4 days. PLB protein levels reached a minimum after 48 h and recovered after 7 days. Levels of PLB in the scrambled control were not significantly changed. Neither were levels of SERCA2 or calsequestrin. Encouragingly, empty HVJ-E vectors did not exhibit cellular toxic effects: subcellular localization of PLB was unchanged, as were mRNA levels for PLB, SERCA2, and calsequestrin. Transfection efficiency, measured using FITC-conjugated siRNA against luciferase that was codelivered with either scrambled or siPLB, was lower using HVJ-E compared to cationic liposomes. However, the inhibitory effect on PLB expression was higher, presumably because of the protection afforded by HVJ-E against endosomal and lysosomal degradation.
Concerns and Outlook for HVJ-E Vectors
HVJ-E vectors have many strengths. Chief among them is their ability to deliver their cargo directly to the cytoplasm, bypassing endosomal uptake and potential degradation. This is a result of their fusogenic viral origin, and one of the key features that distinguishes them from influenza virosomes. This direct delivery of siRNA to the cytoplasm is also advantageous because it potentially circumvents recognition by TLR7 and 8 in the endosome, similar to electroporation (132) . Like virosomes, various cargos, such as peptides, plasmid DNA, siRNA, and small molecule drugs, can, particularly since the development of the vector kit for research use, be delivered using HVJ-E in vitro and in vivo to a number of cell and tissue types. With regard to the delivery of siRNA, the two examples discussed here demonstrate that the effects of siRNA delivered via HVJ-E vectors can be seen in some systems for multiple days in vivo and in vitro.
One potential concern that remains is that of immunogenicity. Although the viral genomic material is completely destroyed during the inactivation process, HVJ-derived vectors are still known to be slightly immunogenic (113) . Indeed, one of the applications of HVJ-E makes use of this fact. It was observed that empty HVJ-E vectors have antitumorigenic effects through at least two different mechanisms. First, HVJ-E has been shown to activate adaptive immunity and elicit an anti-tumor response via dendritic cell maturation and IL-6 secretion, which in turn mitigates the immune-suppression response of regulatory T cells. In a study by Kurooka and colleagues (133) , HVJ-E alone was used as an anti-cancer treatment. In tumor xenograft mouse studies, tumors were established on the left and right flanks of BALB/ C mice. Intratumoral injections of HVJ-E to one side eradicated tumors in the opposite flank. This effect was shown to be due to an induced anti-tumor response because similar phenomena were not observed in SCID mice. Second, HVJ-E was shown to activate innate (i.e., non-T cell) immunity. A study by Fujihara et al. (134) showed that HVJ-E caused the secretion of CXCL10 (a chemokine) by dendritic cells in the tumor tissue, recruiting natural killer (NK) cells, as well as activating NK cells systemically.
While anti-tumor effects due to immune system stimulation may be desirable in the treatment of cancer, these phenomena may adversely affect outcomes in other applications of HVJ-E, including siRNA delivery.
CONCLUSION AND FUTURE OUTLOOK
The number of reports of pseudoviral-mediated siRNA delivery remains relatively small, due primarily to the fact that the majority of pseudovirion systems to date have been used for exogenous gene transfer applications. However, as the systems and studies discussed here demonstrate, pseudoviral systems have been used to successfully deliver a number of different siRNA effector molecules, including singlestranded and duplex siRNA and/or siRNA-encoding DNA. They have achieved gene-specific knockdown in a variety of cell types in vitro and in vivo (see Table I ). For the majority of systems, direct evidence of the ability to deliver siRNA or a shRNA-encoding vector was shown. More importantly, specific and efficient silencing was achieved over the course of several days in many different model systems.
The basic requirement for any delivery vector is that it delivers its cargo and that the cargo, once delivered, can exert its intended effect. Ideally, a delivery vehicle should also be efficient, targeted, easy to prepare and modify, and nonimmunogenic. The unique combination of characteristics possessed by pseudoviral systems makes them extremely attractive as delivery vehicles. For example, pseudovirions are very flexible. Envelope-type vectors are able to deliver multiple cargos, such as combinations of siRNA and small molecule drugs. Also, SV40 in vitro-packaged vectors can encapsulate any number of expression plasmids without modification, greatly simplifying the generation of vectors for new target genes.
There are inherent problems associated with any given pseudoviral vector. For example, systems such as HSV amplicons and phagemid particles are only able to deliver DNA, which is inherently more risky than siRNA oligomers, due to the possibility of integration into the host genome and insertional mutagenesis. One of the most important concerns when using pseudovirions is immunogenicity. For several of the pseudoviral systems presented here, such as the influenza virosome, HVJ-E, and SV40 in vitro-packaged pseudovirions, the extent to which the vectors are inherently immunogenic is still in question, and ways to mitigate cellular and host immune responses are under investigation. Additionally, systems in which the RNAi is derived from DNA (i.e., phagemid particles and HSV amplicons) are unable to pack-age siRNA effector molecules that have been chemically modified to reduce susceptibility to degradation by nucleases and avoid eliciting an innate immune response.
The other most pressing technical problem is that of cellor tissue-specific targeting, an issue which is not unique to pseudoviral vectors. Fortunately, techniques for addressing this, such as the development of high-affinity ligands through the phage-display system in the case of phagemid particles or functionalized biopolymers in the case of virosomes, already exist. Furthermore, ongoing work to create targeted versions of the parent viral systems is likely to be directly applicable to the virally-derived systems (i.e., pseudovirions), such as the work to create chimeric F-peptides in the HVJ system.
In conclusion, pseudoviral vectors may prove useful in broadening the current scope of siRNA therapeutic strategies and in vitro delivery techniques.
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